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Polo-like kinase-1 (Plk1) belongs to a family of serine-threonine
kinases and plays a critical role in mitotic progression. Plk1
involves in the initiation of mitosis, centrosome maturation,
bipolar spindle formation, and cytokinesis, well-reported as
traditional functions of Plk1. In this review, we discuss the role
of Plk1 during DNA damage response beyond the functions in
mitotsis. When DNA is damaged in cells under various stress
conditions, the checkpoint mechanism is activated to allow
cells to have enough time for repair. When damage is repaired,
cells progress continuously their division, which is called
checkpoint recovery. If damage is too severe to repair, cells
undergo apoptotic pathway. If damage is not completely
repaired, cells undergo a process called checkpoint adaptation,
and resume cell division cycle with damaged DNA. Plk1
targets and regulates many key factors in the process of damage
response, and we deal with these subjects in this review. [BMB
Reports 2014; 47(5): 249-255]

INTRODUCTION: BRIEF ON PLK1

The first polo-like kinase (PlIk) was primarily discovered in po-
lo gene of Drosophila melanogaster and functional mutation
of this gene has various defects in mitosis (1, 2). This polo
gene has highly conserved from yeast to human and functions
as a key regulator during mitosis, meiosis and cytokinesis (3).
PIk1 is serine/threonine kinase and one of the polo-like kinase
family members. Plk1 structurally has two functional domains;
one is polo-box domain on C-terminal for targeting of substrate
and involving in its subcellular localization (4), and the other
is kinase domain regulated through phosphorylation by up-
stream kinases (5, 6). The expression of Plk1 begins to increase
from S/G2 phase, and its activity peaks at mitosis. PIk1 func-
tions in various mitotic events such as centrosome maturation,
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assembly of the bipolar spindle, chromosome segregation, ac-
tivation of the anaphase promoting complex (APC/C) and cyto-
kinesis (3, 7, 8). Excessive or deregulated expression of Plk1
accelerates cell division abnormally and promotes tumorige-
nesis. Hence, PIk1 is usually over-expressed in various types of
cancers (9), suggesting that Plk1 is considered as one of the
strong candidate targets for anticancer therapy (10). As well as
mitotic roles, it has been reported that Plk1 involves in check-
point activation and recovery in response to DNA damage
(11), even this mechanism has poorly been understood so far.
In this review, we focus on the involvement of PIk1 in inter-
phasic and mitotic DNA damage response. In addition, we re-
fer to the relationship between Plk1 and p53 during DNA
damage response.

DNA DAMAGE RESPONSE (DDR) DURING CELL CYCLE

Cells are continuously threatened with DNA damage by either
endogenous reasons including by-product of metabolic path-
way and replication stresses, or exogenous factor such as ex-
posure to UV irradiation or genotoxic reagents. If DNA dam-
age is allowed continuously, cells lose their own functions and
could be developed to cancer (12). Fortunately, repair mecha-
nisms have been evolutionally conserved and well-established
for preservation of genetic stability under constantly being at-
tacked conditions.

Once DNA double strands are broken, it can be repaired us-
ing two types of DNA repair mechanisms, non-homologous
end-joining (NHEJ) and homologous recombination (HR) (13).
During NHEJ, two broken ends of DNA templates are simply
re-connected. However, NHE] is prone to change total DNA
integrity and to induce genomic error by ligation of incon-
gruence DNA ends (14). When NHE] is inevitably operated in
response to DNA double strand breaks (DSBs), at first, DNA le-
sion sites are recognized by Ku70 and Ku80 sensor proteins
for NHE) repair mechanism (15). Then, DNA-protein kinase
(DNA-PK) is recruited on impaired DNA site by interaction
with the activated Ku proteins (16). DNA-PK is one of the PIKK
family members. ATM (ataxia talangectasia mutated) and ATR
(ATM and RAD3-related), the key protein kinases in response
to DNA damage, belong to this family (17) and is mentioned
below. Once DNA-PK is located on the DSB region, it phos-
phorylates the effector proteins, especially multimeric complex
(DNA ligase IV-XRCC4-XLF) to connect two ends of broken
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DNA (18).

The other mechanism in response to DSB is HR which is re-
stricted to S and G2 phase. Unlike NHEJ, HR repair pathway
needs undamaged DNA template, and sister chromatid is used
to repair by HR as a template (19). Broken DNA ends are rec-
ognized and bounded by Mre11-Rad51-Nbs1 (MRN) com-
plexes (20). ATM kinase is then loaded on DNA lesion site and
its activity is increased by interaction with the recruited MRN
complexes. Subsequently, a large number of downstream tar-
get substrates such as Chk1/Chk2 are phosphorylated by the
ATM. Activated ATM in the defected DNA regions can also
phosphorylate y-H2AX (21), and then Mdc1 is collected on the
damaged site by y-H2AX (22) and can amplify the y-H2AX sig-
nals and form foci on the DSB regions (23). In the DSB foci, 5’
ends of two broken DNA are separated (24) by nucleases such
as Mre11, Exo1, CtIP and BLM helicase (25, 26). Exposed sin-
gle strand DNA is then rapidly coated by RPA proteins
(replication protein A) (27, 28). In addition to ATM signals,
ATR kinase signal pathway is also activated by ssDNA pro-
duced from 5’ ends (29). Following resection, RPA binding to
ssDNA is replaced by Rad51 recombinase (30). Rad51 re-
cruited on a damaged DNA combines the sister chromatid as
an undamaged DNA template for recombination repair mecha-
nism (31).

During the previously mentioned repair mechanisms, cells
containing defective genome should be stopped in progressing
to the next stage of the cell cycle. For this, when DNA dam-
ages were perceived, surveillance mechanisms called check-
points are activated. G1/S boundary checkpoint inspects the
DNA integrity for blockage before the replication of the dam-
aged DNA (32). If there are defects on DNA at G1 phase,
CDK2 is inactivated by ATM/Chk2 signaling, but not by
ATR/Chk1. Also, interaction with p21, a downstream target of
p53, results from the suppression of the S-phase entry. During
intra-S checkpoint, Cdc25 phosphatases are predominantly
regulated by ATR/Chk1 signaling (33). G2/M checkpoint super-
vises the genome integrity before the segregation of chromo-
somes in mitosis. For mitosis progression after damage recov-
ery, cyclinB/CDK1 is up-regulated and activated (34). Under
this DNA damage response, Plk1, consistently activated during
mitosis, is known as a direct or an indirect regulator of the cell
cycle-dependent proteins including cyclinB, CDK1, and
Cdc25 phosphatases (3).

PLK1 AND DNA DAMAGE RESPONSE IN S/G2
INTERPHASE

Before mitotic entry, Aurora A cooperating with Bora phos-
phorylates threonine 210 residues of Plk1. This residue in in-
active PIk1 is located inside of a closed structure by interacting
with its own polo-box domain. The closed structure of Plk1,
however, is opened by Bora, and is exposed for this residue to
be phosphorylated by Aurora A for the activation of Plk1 dur-
ing mitotic entry (35). When cells are attacked by DNA dam-
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age, especially in G2 phase, cells do not progress into mitosis
to block the abnormal chromosomes thereafter. Usually, Plk1
loses its activity in response to DNA damage and cell division
is arrested by G2 DNA damage checkpoint activity. ATM/ATR
directly phosphorylates Bora at threonine 501 residue when
the DSB is induced by UV irradiation. Phosphorylated Bora is
recognized and degraded by E3 ubiquitin ligase SCF-B-TRCP
(36). Threonine 501 of Bora is not phosphorylated in due to
DNA damage by the UV irradiation when the ATR is
down-regulated. Indeed, when the phosphorylation-defective
mutant of Bora (T501A) is overexpressed in cells with UV irra-
diation, Bora cannot interact with SCF3-TRCP and is not de-
graded (36). Once Bora is destructed, Plk1 cannot be activated
and cell cycle is arrested in the G2 phase. Mitotic entry is also
restricted by Cdk1/cyclinB inhibition resulting from Plk1
inactivation. In addition, Cdc25 phosphatase is inhibited by
Chk1 and Chk2, resulting in the inactivation of Cdk1 by pre-
venting elimination of inhibitory phosphorylation at tyrosine
14 and 15. Once damaged DNA is restored, Cdc25 is recov-
ered by activated Plk1, following the approval of mitotic entry
(37). Chk1 is one of the downstream target proteins of Claspin,
an adaptor protein of ATR under damaged DNA (38). When
DNA damage is recovered, activated Plk1 phosphorylates
Claspin, and such phosphorylation induces ubiquitin-depend-
ent degradation of Claspin and allows the dissociation from
ATR. Finally, checkpoint pathway is terminated and cells enter
into mitosis (39) (Fig. 1).

Interestingly, it has been reported that Plk1 directly phos-
phorylates the Rad51 recombinase and facilitates the homolo-
gous recombination (HR). In this mechanism, sensor protein
Rad51 in response to DSB is phosphorylated at serine 14 resi-
due, and sequentially threonine 13 residue of Rad51 is phos-
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Fig. 1. Plk1 and DNA damage response in S/G2 phase.
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phorylated by Casein kinase 2 (CK2). These phosphorylations
facilitate the HR repair mechanism by increased interaction
with Nbs1 (40). However, it still remains questionable how
Plk1 is activated through what signal in response to DSB, be-
cause PIk1 is originally inactivated in the S/G2-phase.

DNA DAMAGE RESPONSE ASSOCIATED WITH PLK1 IN
MITOSIS

Although mitosis is a very short period than other stages of cell
cycle, it is a crucial phase because chromosome replicated dur-
ing S phase is separated and genetic information is inherited to
the daughter cells. The occurrence of DNA damage during mi-
tosis might induce mitotic arrest in the general concept of the
checkpoint to avoid generating abnormal daughter cells con-
taining aneuploidy or mitotic catastrophe. The studies about
DNA damage response in mitosis suggest that cells containing
DNA damage caused by exposure to irradiation in various
stages of mitosis show the same phenotypic effects with non-ir-
radiated cells (41). In addition, it has been reported that DNA
damage response seems to be absent or is not effectively acti-
vated in irradiated mitotic cells (41, 42). However, although
these cells continually progress through cell division process,
the positive y-H2AX signal known as a DNA break marker still
exists, and apparent delay is observed under this condition.
Subsequent finding reveals that mitotic progression of these
cells is delayed during metaphase by spindle assembly check-
point, when cells incur severe DNA damage by irradiation or
damaging agent (11, 43). What has become of Plk1 under this
situation? Whereas Plk1 activity should be increased for recov-
ery from G2/M transition checkpoint, it might be principally
suppressed by DNA damage occurring during mitotic phase
where PIk1 is already activated. After the induction of DNA
damage, the kinase activity of PIk1 is down- regulated through
ATM/ATR-dependent fashion (44-47). Inactivation of Plk1 dur-
ing the mitotic DNA damage response occurs by the dephos-
phorylation of phosphor-threonine 210, a requirement for pro-
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Fig. 2. Plk1 and DNA damage response in mitosis.
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tein phosphatase 2A activity. ATM+- and Chk1-/~ cells with mi-
totic DNA damage show a clear rescue of Plk1 dephosphor-
ylation, and the addition of caffeine also completely rescues
this effect, suggesting that protein phosphatase 2A activity on
PIk1 dephophorylation is dependent on ATM-Chk1 pathway in
mitotic DNA damage response (44, 45) (Fig. 2). Importantly,
overexpression of phospho-mimic mutant of Plk1, T210D,
overcomes the arrest induced by the DNA damage (11). These
reports suggest that Plk1 plays the roles in the communication
between the DNA damage and proper checkpoint. It also sug-
gests that down regulation of Plk1 is necessary for arresting cell
cycle to allow ample time for DNA repair and maintenance of
genome stability during mitotic DNA damage response. Very
severe DNA damage is induced to bypass both late mitotic
process and cytokinesis over a short delay of transition be-
tween metaphase and anaphase, in spite of the suppression of
Plk1 activity from the results of time lapse microscopy and
FACS analysis (48). After then, cells contain 4N DNA contents,
even though cells have positive y-H2AX signal. The condensed
chromosome becomes loose and the nucleus size is increased
comparably to that of G2 phase (45). In addition, the inhibitory
phosphorylation of Cdk1 and the G2-specific phosphorylation
of Cdc25C are increased without a remarkable effects on cyclin
B levels under this condition (44), insisting that cells containing
mitotic DNA damage enter into G2-like G1 phase with 4N
DNA contents. Subsequently, within 24 hours, these cells con-
taining 4N DNA contents become 8N DNA cells by re-repli-
cation process called as endoreplication. Finally, cells are re-
moved by apoptotic cell death after one cycle of replication
(48). Polyploidy and aneuploidy are common phenomena in
cancer cells, and a thorough understanding of endoreplication
in mitotic DNA damage response may provide important in-
sights for cancer biology (49).

RELATIONSHIP BETWEEN PLK1 AND P53 IN DNA
DAMAGE RESPONSE

Tumor suppressor p53 is a key tumor suppressor and functions
as genome guardian through the induction of cell cycle arrest,
apoptosis and senescence in various stress signals (50, 51).
When stresses such as DNA damage are exerted to the cell,
p53 is stabilized for its activation phosphorylation at Ser15 and
Ser20 by ATM/ATR and Chk1/Chk2, respectively (52-55). The
accumulation of phosphor-p53 protein occurs by suppression
of the interaction between p53 and MDM2, which stimulates
ubiquitin-mediated degradation of p53 (56). p53 up-regulates
its downstream protein such as p21/wafl inhibiting CDKs,
Gadd14 and 14-3-3, and induces DNA damage checkpoint reg-
ulating downstream proteins (57). The tumor suppressor activ-
ity of p53 in most human cancer cells is impaired by either its
mutation or inactivation of p53 signaling. As almost 95% muta-
tion of p53 is detectable in central regions encoding for the
DNA binding domain, p53 mutants lose the ability for se-
quence specific transactivation (51). Cells where p53 is mu-

BMB Reports 251



Polo-like kinase-1 in DNA damage response
Sun-Yi Hyun, et al.

tated or deleted do not arrest even in a damaged condition and
cell division cycle with damages is progressed (58, 59). They
can also promote tumorigenesis at high frequency in mice and
human (60, 61). The roles of p53 inducing cell cycle arrest ri-
vals with PIk1 functions which promotes the progression of the
cell cycle. PIk1 is inhibitied by ATM/ATR dependent fashion af-
ter DNA damage (11, 44), and is transcriptionally regulated ei-
ther directly or indirectly by p53 (62-64). It localizes to the Plk1
promoter and binds to E2F1 which induces an increment of
transcriptional level of PIk1. Its binding forms p53-E2F1-Plk1
promoter DNA complex and suppresses the expression of Plk1
(62). Furthermore, the expression of Plk1 is indirectly repressed
by p53 through either targeting a sequence of CDE/CHR within
Plk1 promoter by p21/waf1 or a negative regulation of FoxM1
(forhead box M1), which stimulates Plk1 expression caused by
p53 (63, 64). Therefore, cells prevent abnormal overcoming of
cell cycle arrest by suppressing Plk1 through p53 during DNA
damage repair.

If DNA damage is not repaired completely, cell cycle is ar-
rested consistently and finally cells undergo to death. In con-
trast, cells normally progress to next stage according to pro-
gression of cell cycle again when DNA damage is repaired
completely (65). This recovery process by stoppage of check-
point, especially G2/M transition arrest, requires the Plk1 ac-
tivity which is essential for mitosis initiation (66). When cell
cycle is recovered, re-activated Plk1 directly interacts with se-
quence specific DNA binding domain within p53, in return it
is suppressed own transcriptional activity as well as pro-apop-
totic function (67). Furthermore, PIk1 involves indirectly in
decrement of phosphorylation on serine 15 of p53 interrupting
interaction with MDM2, and reduction of p53 activity and
MDM2 mediated degradation are increased (68). This inter-
action between MDM2 and p53 also is stimulated through
phosphorylation at serine 260 of MDM2 by Plk1 (69). Further-
more, Plk1 phosphorylates serine 718 of Topors (topoisomer-
ase 1 binding protein) which has ubiquitin and SUMO-1 E3 li-
gase activity and promotes degradation of p53 through induc-
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Fig. 3. Networks between p53 and Plk1 in DNA damage responses.
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ing interaction of between Topors and p53 (69). In addition,
PIk1 induces p53 export from nucleus during cell cycle arrest
through activation of GSTE1 (G2 and S phase expressed 1 pro-
tein) (70). These results explain that the harmony of Plk1 and
p53 protects cells from various stresses and aberrantly persist-
ant cell cycle arrest (Fig. 3).

As mentioned above, PlIk1 is a major regulator controlling
cell cycle and deregulation of this kinase induces overriding
checkpoint which leads genomic instability and promotes cell
transformation and initiation of tumorigenesis (71). On the oth-
er hand, inhibition of Plk1 can induce cytotoxicity such as
apoptosis and this effect is connected with cancer therapy. It
has been reported that excessive expression of Plk1 is found in
cancer cells (72), and that depletion of Plk1 does little or no af-
fect to normal cells in comparison with cancer cells (73, 74).
Moreover, the cytotoxic effect such as suppression of pro-
liferation and apoptosis resulting from depletion of PIk1 is in-
creased in cancer cells which have a defective p53 (75, 76).
These indicate that Plk1 is a selective target for cancer therapy
and p53 can be noticed as determiner of Plk1 inhibition effect
in cancer cells. However, there are still arguments in relation
between cytotoxic effect by Plk1 depletion and role of p53,
and a number of studies have reported that inhibition of Plk1
induces similar cytotoxicity and sensitivity regardless of any
type of cell or status of p53. Poloxin, a targeting inhibitor of
polo-box domain, represses proliferation in primary/normal
non-transformed cell as well as tumor (77). Another polo-box
domain-targeting inhibitor, purpurogallin strongly induces
apoptosis in normal rat kidney cells and NIH3T3 cells (78).
BI2536, a Plk1 kinase inhibitor targeting kinase domain of
Plk1 has been reported to suppress proliferation and to induce
apoptosis in both normal cell and cancer cell lines (79). This
efficacy is also shown regardless of p53 status in cells (80). A
recent report by using p53+/+ and p53-/- cell lines also dem-
onstrates that there is no obvious different cytotoxic response
between cancer cells with and without functional p53 (81).
Moreover, the arrest point in cell cycle by collaboration of
PIk1 inhibition with status of p53 is not the same. While the
p53 positive cells are arrested and undergo apoptosis at G1/S
phase, the p53 negative cell is arrested at G2/M after the treat-
ment of PIk1 inhibitor (81).

CONCLUSION

During the past 25 years after the discovery polo in Drosophila
melanogaster, most of the studies on Plk1 have been focusing
on its mitotic roles. Recently, accumulating evidences are
opening a new era in Plk1 history beyond the traditional mi-
totic function. As well as DNA replication and chromo-
some/microtubule dynamics (82, 83), Plk1 also plays a role in
overall DNA damage response including DNA checkpoint ac-
tivation, checkpoint maintenance, damage recovery and DNA
repair. When DNA damage occurs in S/G2 phase before Plk1
activation, through ATM/ATR-Bora-SCF-B-TRCP ubiquitin li-
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gase, Plk1 activation is blocked until the damage is repaired.
When damaged DNA is repaired by HR mechanisms, Plk1 di-
rectly phosphorylates a sensor protein, Rad51 to increase the
interaction with Nbs1, and finally the HR is activated. For re-
covery from DNA damage, Plk1 phosphorylates and induces
the inhibition Claspin, which is necessary for Chk1 activation.
In mitotic DNA damage after Plk1 activation, inactivation of
Plk1 is induced by dephosphorylation  through
ATM-Chk1-PP2A pathway. The inactivation of Plk1 by dephos-
phoprylation beyond traditional degradation by anaphase-pro-
moting complex is one more interesting subject of PIk1 study.
Severe mitotic DNA damage causes continuous inactivation of
Plk1 and other mitotic kinases, allowing cells to skip mitotic
events and endoreplication. Additionally, PIk1 and p53 recip-
rocally regulate each other during DNA damage checkpoint
activation and adaptation, and recovery process. Plk1 directly
targets Topor and GSTE1 to down regulate p53. Most of all,
new functions of Plk1 beyond mitotic roles are speculated by
their potential substrates. Previously, Yaffe et al. (2007) re-
ported that more than 600 proteins were identified as the inter-
actome for polo box domain (84). Although much more de-
tailed experiments are needed to validate these proteins, these
are hints that Plk1 has various functions in DNA damage re-
sponse and other cellular events beyond its mitotic functions.
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